Uricase is an enzyme in the purine degradation pathway that catalyzes the oxidative breakdown of uric acid to allantoin. This enzyme is found in mammals [1, 2] , plants [3] , fungi [4] , yeasts [5] [6] [7] and bacteria [8] . Uric acid, the primary end-product of purine metabolism, is present in biological fluids, including blood and urine [9] . Various medical conditions increase the amount of uric acid in biological fluids. Such conditions can lead to gout, chronic renal disease, some organic acidemias and Lesch-Nyhan syndrome [10] .
Many attempts have been made to fabricate uric acid sensors using uricase (urate oxidase, EC 1.7.3.3) as a biocatalyst [11] [12] [13] [14] [15] . The uricase molecule catalyzes the in vivo oxidation of uric acid in the presence of oxygen, which oxidizes uric acid to allantoin and CO 2 , leaving hydrogen peroxide as the reduction product of O 2 . Several forms of uricase from microorganisms are currently used as diagnostic reagents to detect uric acid. Most of these enzymes either have high thermostability or are active over a wide pH range [5, 6, 8, 16] . Only one uricase, from Bacillus sp. TB-90, was observed to have both high activity and thermostability over a wide range of pH values (pH [6] [7] [8] [9] .
This study describes the cloning of a modified uricase gene from thermophilic bacterium Bacillus subtilis. Molecular evolution by staggered extension process (StEP) mutagenesis was used to isolate potential uricase plasmid clones in Escherichia coli, which were screened in a microtiter well colorimetric assay for uricase activity. The 96-well microtiter Luria-Bertani (LB) medium plates containing potential uricase clones were incubated at 37°C for a maximum of 18 h with shaking to induce protein expression. Then the plates were treated at 60°C for 1 h to release soluble uricase protein. Substrate was added to 96-well microtiter LB medium plates to assay uricase activity. We identified a mutant uricase using this approach. We analyzed the enzymatic properties of this protein and its amino acid sequence for conserved uricase motifs.
Materials and methods

Materials
Restriction enzymes, ligase and amylose resin were purchased from New England Biolabs (Beverly, MA, USA). SYBR green nucleic acid gel stain and PCR reagents were purchased from Roche (Mannheim, Germany). DNA primers were purchased from Biobasic Inc. (Toronto, Canada). Agarose was purchased from USB (Cleveland, OH, USA). Sodium dodecyl sulfate (SDS) was purchased from Gibco BRL (Gaithersburg, MD, USA). Sodium phosphate, 2-mercaptoethanol, Coomassie brilliant R250, isobutanol and sodium chloride were purchased from Merck (Darmstadt, Germany). Phenylmethylsufonyl fluoride, lysozyme, proteinase K, uric acid, horseradish peroxidase, 4-aminoantipyrine (4-AAP) and 3,5-dichloro-2-hydroxybenzene sulfonate (DCHBS) were purchased from Sigma (St. Louis, MO, USA). Tris(hydroxymethyl) methylamine were purchased from BDH (Poole, England). LB medium, tryptone and yeast extract were purchased from Difco (Detroit, MI, USA). The 96-well microtiter plates were purchased from Nalge Nunc International (Roskilde, Denmark).
Mutagenesis of wild-type thermophilic bacterium Bacillus subtilis uricase gene Thermophilic bacterium B. subtilis were isolated from soils of a papaya fruit farm and their special properties were described in the Culture Collection and Research Center internal information of strains (Food Industry Research and Development Institute, Hsinchu, Taiwan). The uricase gene from one of these wild-type thermophilic bacterium B. subtilis (TB-90) was cloned previously [24] . That uricase gene was used as a template in a PCR-modified staggered extension process (StEP) mutagenesis protocol [17, 18, 20] using primers 5¢-TCTAGAATTCCATATGTTCACAAT GGATGACCTG-3¢ and 5¢-GCTGCAGAAGCTTCGCC GCTGGTTTGCCGCAGG-3¢. StEP conditions (50 lL final volume) were 0.5 lL template DNA, 10 pmol of each primer, 0.2 mM of each dNTP, 1· Taq buffer, 25 mM MgOAc 2 and 2.5 U Taq polymerase. The program was 5 min at 95°C, 80 cycles of 30 s at 94°C and 5 s at 56°C. The 1.5 kb DNA fragment was purified from a 0.8% (w/v) agarose gel and ligated to EcoRI/HindIII predigested pMAL vector using a DNA ligation Kit to transform E. coli DH5a selecting for ampicillin resistance. Isopropyl thio-b-D-galactoside (IPTG) was spread on LB pates for screening.
Screening for uricase-producing microorganisms
The scheme used for screening for uricase-producing microorganisms, or in this case, E. coli carrying an active uricase mutant of the mutant thermophilic bacterium B. subtilis uricase gene, in 96-well microtiter LB medium plates, is depicted in Fig. 1 . Screening was performed in 96-well microtiter plates containing LB medium with 50 lgAEmL )1 ampicillin and 0.3 mM IPTG, and using 0.1 mM uric acid, 0.1 UAEmL )1 horseradish peroxidase, 1 mM 4-AAP and 4 mM DCHBS in 0.1 M Tris buffer (pH 8.5) as the substrate. Mutant clones were grown on LB plates and transferred to 96-well microtiter LB medium plates containing 100 lL LB/ IPTG medium per well. These were incubated at 37°C for a maximum of 18 h with shaking to induce the expression of mutant uricase. Then, they were treated at 60°C for 1 h for cell lysis and release of the protein. Following the addition of substrate, the plate was incubated for 10 min at 37°C, a bright purple color was observed and absorbance at 520 nm was read with a microplate reader.
DNA sequencing and computer analysis
Sequencing was performed using an ABI PRISM 3100 auto-sequencer. Samples were prepared using a DNA Cycle Sequencing Kit and a Big-Dye Terminator, according to the manufacturer's protocol (Applied Biosystem, Foster City, CA, USA). Appropriate oligonucleotides were used as primers. Computer analyses of DNA sequence data and the deduction of amino acid sequences were performed at the National Center for Biotechnology Information (NCBI) website using GenBank databases and BLAST programs. Protein sequences were aligned using CLUSTAL W (v. 1.1).
Expression and purification of the mutant fusion uricase protein
The pMAL-c2 system was used to express the uricase as a maltose binding protein fusion. Plasmid-bearing cells were grown to a concentration of 5 · 10 8 cellAEmL )1 at 37°C with shaking in a rich medium at which point 0.3 mM IPTG was added and the culture was grown for an additional 4 h. All subsequent steps were performed at 4°C or on ice. The cells were harvested by low-speed centrifugation, resuspended in 1 : 10 (v/v) of 20 mM Tris buffer pH 7.2, and sonically lysed. Cellular debris was then pelleted by high-speed centrifugation, and the supernatant was saved as crude cellular extract. Purification of the maltose binding protein fusions using the pMAL-c2 system was as per the manufacturer's instructions [19, 20] . Briefly, fusion proteins were purified from crude extracts by binding to cross-linked amylose in a column, as described by Kellerman and Ferenci [21] , and eluted with 10 mM maltose in 20 mM Tris buffer [19, 20] . The purified fusion protein fractions were next loaded onto a DEAE-Sephacel column (0.7 · 2 cm) equilibrated with Tris buffer, pH 8.0. The column was washed with 50 mL of Tris buffer and then eluted with 5 void volumes of Tris buffer containing 50-600 mM of NaCl in 50 mM intervals. Fusion proteins were eluted between 300 and 350 mM NaCl.
Measurements of uricase activity
Uricase activity was routinely measured aerobically as the decrease in absorbance at 293 nm due to the enzymatic oxidation of uric acid [5, 6, 8] . During purification, the activity of the enzyme was measured in an assay mixture that contained 0.1 M Tris buffer (pH 8.5). One unit was defined as the amount of enzyme required to transform 1 lmol of uric acid into allantoin in 1 min at 25°C at pH 8.5. Protein concentration was estimated by the Bio-Rad Protein Assay [5] , using bovine serum albumin as a standard. For determination of kinetic parameters, substrate concentrations of 5-100 lM, which showed linear relationships between the concentrations of allantoin as a function of time, were performed. The data collected were next treated with the Lineweaver-Burk equation. Thermal stability of wild-type and mutant uricase was evaluated on the basis of the residual enzyme activity of the protein sample (10 UAEmL )1 in 50 mM borate buffer, pH 8.5) heated for 30 min in closed vials at scheduled temperatures (20-80°C) and then cooled to room temperature. For the pH stability measurements, samples of wild-type and mutant uricase were dissolved at room temperature in a buffer containing 0.05 M sodium acetate (pH 4-6), 0.05 M potassium phosphate (pH 7), or 0.05 M sodium borate (pH 8-11). After 7 h of incubation, the enzyme activity was evaluated.
Results
Mutagenesis of wild-type thermophilic bacterium Bacillus subtilis uricase gene
As we reported previously [24] , wild-type thermophilic bacterium Bacillus subtilis uricase gene showed a high thermostability and activity. We have isolated a mutant derivative of that enzyme using a modified StEP recombination approach. For the StEP procedure, we used the uricase gene from wild-type thermophilic bacterium Bacillus subtilis as a template and the resulting products were cloned into the expression plasmid pMAL-c2. The presence of the 1.5 kb uricase gene fragment in the library of clones was confirmed by restriction analysis (Fig. 2) .
Screening for uricase activity via a modified colorimetric assay
The modified colorimetric assay developed in this work was used to screen for uricase mutant genes derived from the thermophilic bacterium Bacillus subtilis. A modified colorimetric assay was used with high-throughput screening using a microplate reader to quantify colorimetric level. About 150 E. coli DH5a transformants carrying potential uricase mutants from the aforementioned StEP procedure were transferred to 96-well microtiter LB medium plates to screen for uricase activity using a modified fast colorimetric 96-well plate assay. Plates were incubated with shaking at 37°C, for a maximum of 18 h, with IPTG to induce the expression of mutant uricase. Denatured cells were lysed under conditions compatible with rapid screening in 96-well microtiter plates and the lysed samples were transferred to 96-well microtiter LB medium plates in a 60°C incubator for 1 h, facilitating the cells to release uricase. The soluble fraction was then bound to 96-well microtiter plates and the recombinant protein was detected via substrate reactions that produced a chromophore (Fig. 3) . Uricase produces hydrogen peroxide from uric acid, which is then acted upon by peroxidase and yields a chromophore via the peroxidase-dependent oxidative coupling of 4-AAP and DCHBS (Fig. 3) . Figure 4 presents the microplate reader results of screening 94 potential uricase mutants from the StEP recombined library for activity. Two mutants, designated B4 and B8, had uricase activity.
Analyzing the motif sequence of mutant uricase
Two active variants (B4 and B8) were analyzed by sequence analysis and found to have identical nucleotide sequences. A BLAST search confirmed that the deduced amino acid sequence of the ORF maltose binding protein (MBP) sequence and the uricase sequence. The predicted amino acid sequence of the mutant uricase was 84% identical to that of wild-type uricase. Motif amino acid sequence analysis involved a BLAST search using the sequences of these motifs (motifs A-F). Two consensus motifs have been identified in both eukaryotic and prokaryotic uricases [6, 8] . Neither of these motifs [motifs A (Gly-Lys-X-X-Val) and B (Asn-Ser-X-Val/Ile-Val-Ala/Pro-Thr-Asp-Ser/Thr-X-LysAsn)] is altered in the variant uricase gene (Fig. 5) . Bairoch [22] and Legoux et al. [23] had identified consensus patterns of eukaryotic uricase (motifs C and D in Fig. 5 ). The mutant sequence Leu-Val-Lys-Val-Ser-Gly-Asn and ThrPro-Ser-Ile Gln-Asn-Leu-Ile-Tyr (Fig. 5) differ from motifs C and D, respectively. Yamamoto et al. [8] presented consensus patterns of Bacillus sp. TB-90 uricase, which are motifs C (Leu-Ile-Lys-Val-Ser-Gly-Asn) and D (Thr-LeuSer-Ile-Gln-His-Leu-Ile-Tyr). Similarly, sequences of the mutant uricase were conserved but with slight modifications. Finally, motif E (Leu-Pro-Asn-Lys-His) was identified as a consensus pattern of prokaryotic uricases, but not in mutant uricase. The mutant uricase of Bacillus subtilis includes two cysteines, one of which is located at the active site of the enzyme. One hypothesis is that a chemically reactive sulfhydryl group on the surface of molecule is spontaneously oxidized during purification and forms a disulfide bond link between two molecules.
Comparison of expression and purification of the wild-type and mutant fusion uricase
Wild-type and mutant fusion uricase protein were successfully purified from E. coli lysates by amylose affinity chromatography. The uricase-MBP fusion protein was eluted with maltose buffer and concentrated. Analysis by SDS/PAGE demonstrates that the uricase-MBP fusion has an apparent molecular mass of 98 kDa (Fig. 6A) , in close agreement with that estimated for uricase-MBP fusion protein. The uricase-MBP fusion protein was further purified by DEAE-Sephacel ion-exchange chromatography to homogeneity, as visualized by coomassie blue stained SDS/PAGE (Fig. 6B) .
Comparison of activity of the wild-type and mutant fusion uricase Figure 7 shows the evaluation of uricase activity from both mutant and wild-type proteins, as detected by a decrease in absorbance at 293 nm in the presence of uricase. Clearly, the activity of enzyme purified from the mutant uricase exceeded that of the wild-type one. Specific uricase activities of the wild-type and mutant uricases were determined to be 11.5 and 13.1 UAEmg , respectively. The apparent K m values for wild-type and mutant uricase-MBP proteins were estimated to be 24 and 26 lM, respectively. Enzymatic properties of the mutant MBP-uricase were compared with the wild-type MBP-uricase. Thermal stability studies carried out by 1 h incubation at different temperatures showed that both wild-type and mutant uricase were completely inactivated at 75°C and 80°C, respectively. The temperature leading to 45-60% inactivation was 70°C for both wild-type and mutant uricase. The residual activity of wildtype uricase was maximal when temperature from 4 to 60°C (Fig. 8) . However, mutant uricase shows maximal residual activity at 4 to 65°C. Thus, the mutant might be slightly more thermostable. The pH stability studies performed using 7 h incubations at different pH values (pH 6-11) showed that both wild-type and mutant uricase are at optimal activity at pH values from 6 to 10 (Fig. 9) .
Discussion
This study describes a modified colorimetric assay for uric acid in which uricase catalyzes the reduction of dissolved Fig. 4 . Screening potential uricase mutants in 96-well microtiter plates using a microplate reader. The reactions leading to colorimetric readout are described in the text. The H1 sample is the blank (0.066). H2 contains the wild-type uricase (positive control) (0.254). B4 (0.325) and B8 (0.303) are two variants that have activity. oxygen to hydrogen peroxide in the presence of uric acid. Horseradish peroxidase then catalyzes the production of a quinoneimine dye. One such colorimetric scheme utilizes the uricase/uric acid/horseradish peroxidase/4-AAP/DCHBS colorimetric reactions. This assay is compatible with highthroughput screening using a microplate reader. However, the success of the microtiter well plate assay is critically dependent upon a colorimetric indicator that will simultaneously support horseradish peroxidase and not inhibit the production of hydrogen peroxide (Fig. 4) . The modified colorimetric assay takes only 20 h from isolation of uricase clones to measurements of uricase activity. This is much more efficient than conventional methods (Fig. 1) , which take at least 4 days and include the following steps: 2 mL LB broth/ampicillin addition, purification of plasmid DNA, digestion, electrophoresis, 3 mL LB medium, 50 mL LB medium, preparation of crude cellular extracts and affinity chromatography of purification and an activity assay by spectrophotometry. We have demonstrated the usefulness of this assay and used it to screen for a mutant uricase enzyme.
The StEP recombination reaction can be performed in a single tube. The staggered extension process (StEP) consists of priming the template sequence followed by repeated cycles of denaturation and extremely abbreviated annealing/ polymerase-catalyzed extension. In each cycle, the growing fragments anneal to different templates based on sequence complement and then extended further. This is repeated until full-length sequence is formed. Due to template switching, most of the polynucleotides contain sequence information from different parental sequences. The key to successful recombination by StEP is to tightly contract the polymerase-catalyzed DNA extension. The nucleotide sequence of the 1.5 kb EcoRI-HindIII DNA fragment, including the mutant uricase, was identified (Fig. 2) . Figure 4 shows the results of screening the StEP library for mutants using the microtiter plate colorimetric assay. Two clones with activity were identified and have an identical nucleotide sequence.
The predicted amino acid sequence of the mutant uricase was 84% identical to that of wild-type uricase. A BLAST search identified five motifs of wild-type uricase sequences. These motifs, except for motif B, are also conserved in mutant uricase (Fig. 5) . Moreover, the mutant uricase includes two cysteines, one of which participates in activity of the enzyme. Wild-type and mutant uricase enzymes were purifed from E. coli DH5a as MBP fusions from the soluble fraction in a single amylose affinity step, then was further purified by DEAE-Sephacel ion-exchange chromatography to homogeneity. The specific uricase activities of the two enzymes were compared. Both wild-type and mutant uricase have optimal (100%) activity at a pH value from 6 to 10. Thermal stability studies demonstrate that both wild-type and mutant uricase are completely inactivated at 75°C and 80°C, respectively. Thus, the mutant enzyme appears to be slightly more stable at high temperatures. In the temperature range between 4 and 80°C, the residual activity of mutant uricase was maximal up to 65°C. treated for 1 h at various temperatures and then the residual activity was determined. The residual activity after 1 h at 4°C was defined as 100%. Fig. 9 . pH stability of wild-type and mutant uricase enzymes. The enzyme (10 UAEmL )1 of uricase in 50 mM borate buffer, pH 8.5) was treated at 25°C for 7 h, and various pHs, then the residual activity was determined. ()d)Wild-type; -m-mutant).
